In this study, we assessed the impacts of climate change on the production of pulpwood and biomass for bioenergy, and the profitability of slash pine stands in the Southeastern United States. We employed the 3-PG (Physiological Processes Predicting Growth) model to determine the effects of future climates on forest growth and integrated it with a stand-level economic model to determine their impacts on optimal forest management. We found that the average production of pulpwood increased for all sites by 7.5 m 3 ha −1 for all climatic scenarios and productivity conditions. In the case of forest biomass for bioenergy, the average increase was less than 1 Mg ha −1 . Considering a payment for forest biomass for bioenergy of $4.2 per green Mg −1 , the land expectation values (LEVs), on average, increased by $242.1 ha −1 under extreme climatic conditions and high productivity conditions. However, the increase in LEVs due to payments for biomass for bioenergy was small, accounting for $23 ha −1 . We also found that the combined effect of increased site productivity and climate change reduced the optimal harvest age of slash pine. Our results confirm that emerging bioenergy markets coupled with changing climatic conditions can increase the economic returns for landowners.
Introduction
Concerns about greenhouse gas emissions from fossil fuels, rising energy demands, high energy prices, and political stability surrounding the production of foreign oil have led to new policies to diversify energy sources. Forest biomass is a renewable and more carbon-neutral energy resource that could provide a potential solution to the problem of dependency of energy on foreign markets [1, 2] .
Southern forestlands in the United States (US) occupy approximately 99 million hectares (ha) representing 32% of the total forestland area in the country [3] . This region provides 12% of the world's industrial roundwood and 19% of the world's pulp and paper products [4] ; and 54% and 74% of the total sawlog and pulpwood production in the country [3] . However, the total US global industrial roundwood share has declined from 28% in 1998 to 17% in 2013 [5] . This has been particularly relevant in the case of pulpwood production; a decline of 33% in 2000 to 28% in 2013 (wood pulp), and 40% in 1960 to 18% in 2013 (paper and paperboard production), primarily due to the growth in electronic media and offshoring of US manufacturing [6] . The promotion of government policies that encourage the use of biomass for bioenergy such as the Energy Independence and Security Act of 2007 through the Renewable Portfolio Standards and the 2014 Farm Bill, coupled with further advances in conversion technologies has also helped develop new opportunities for forest landowners in the (1)
where P p and P b represent, respectively, the pulpwood price and the price of biomass for bioenergy; V p (t) and V b (t) represent, respectively, the merchantable pulpwood volume and the volume of non-commercial biomass (top, branches, bark) at time t; r is the discount rate, and c represents the forest management costs (we have artificially assumed that all forest management costs are associated to pulpwood production, yet certain silvicultural practices such as fertilization can also favor biomass for bioenergy production.). If pulpwood and biomass for bioenergy production are considered in perpetuity, the net economic benefits for a landowner-the total land expectation value LEV-is as follows:
LEV p (t) = NPV p (t) 1 − e −rt ; LEV b (t) =
where LEV p (t) and LEV b (t) represent, respectively, the land expectation value at time t associated with the production of pulpwood and biomass for bioenergy, respectively. The time t * that maximizes the total LEV is the optimal harvest age. We used the process-based model Physiological Processes Predicting Growth (3-PG, [14] ) to determine the impacts of future climatic conditions on the total production of pulpwood and biomass for bioenergy. The 3-PG model, widely employed to model the impacts of changes in climate on the productivity of forests, uses mean monthly temperatures, precipitation, and radiation as the main inputs. The 3-PG model uses species-specific physiological features in conjunction with empirical tree and stand-level attributes to quantify gross primary production and the allocation of carbon to different biomass pools such as roots, foliage, and stem using allometric relationships [14] . In the case of slash pine, the 3-PG was parametrized and validated for a range of sites and ages in the Southeastern US [16] . This version of the 3-PG model includes the current/anticipated concentration of carbon dioxide as an input to model current/future forest productivity. It can also estimate the total stem volume of a slash pine stand that can be converted to merchantable volume by employing the growth and yield model developed by Pienaar et al. [17] , see Appendix A. We considered two main climatic scenarios used in the Intergovernmental Panel on Climate Change's (IPCC) Fifth Assessment Report [18] to model the impacts of future climate conditions on the production of pulpwood and biomass for bioenergy. These representative concentration pathways (RCP) scenarios represent the trajectory of greenhouse gas emission over time: RCP4.5 (low-to-medium greenhouse gas emissions; moderate scenario) and RCP8.5 (high greenhouse gas emissions; extreme scenarios). We employed the second generation CanESM2 (Canadian Earth system) model, downscaled using the Multivariate Adaptive Constructed Analogs (MACA) approach [19] , to obtain future projections of temperatures and precipitation for RCP4.5 and RCP8.5 between 2050 and 2100. The future projections of temperatures and precipitations were used as inputs for the 3-PG model. Likewise, we used the historical temperatures and precipitation between 1950 to 2005 to model slash pine growth under current climatic conditions (baseline scenario) (we employed total annual precipitation, and the mean annual maximum and minimum temperatures (average of the 12 mean monthly maximum and minimum temperatures) for the baseline and future climatic scenarios in our analysis since these variables are requested inputs of the 3-PG model for slash pine [14] ). 
Model Application
To determine the impacts of climate change on pulpwood production and forest biomass for bioenergy, in addition to their financial implications for forest landowners, we simulated the three climatic scenarios on the growth of slash pine forests in eight sites across four states in the SE US: Alabama (AL), Florida (FL), Georgia (GA), and South Carolina (SC). These sites were chosen as they were used to validate the performance of the 3-PG model for slash pine-the net primary production-covering a wide range of age, productivity, and management [16] . The distribution of the sites in these states is represented in Figure 1 . The different levels of temperatures and precipitation for each of the sites and climatic scenarios are delineated in Table 1 .
We applied our economic model under the following forest management conditions. For each site, we considered that slash pine is intensively managed for pulpwood and biomass for bioenergy production with an initial planting density of 2250 trees ha −1 under two levels of productivity, i.e., site index (SI) = 20 and 28 m. Pulpwood was defined based on the minimum commercial diameter outside bark, i.e., top diameter = 7.6 cm. Biomass for bioenergy was considered as the sum of the biomass of branches, tops, and foliage biomass.
We determined the impacts of climate change on the production of pulpwood and biomass for bioenergy (foliage, branches, and tops), by running the 3-PG model for each site with the same SI level. Once the estimates of the total volume of a slash pine and the amount of foliage were obtained, the merchantable volume of pulpwood was determined using the model detailed by Pienaar et al. [17] . The biomass of branches and tops was calculated by subtracting the merchantable stand volume from the total stand volume. Thus, we compared the production of pulpwood and biomass for bioenergy under current climatic conditions (baseline) and the production of pulpwood and biomass for bioenergy under future climatic conditions (scenarios RCP4.5 and RCP8.5). Although climate change impacts the forest productivity gradually over time, we simulated a single jump in terms of the implications of changes in climatic conditions concerning the production of pulpwood and biomass of bioenergy, i.e., what the effect of climate change would be on the economics of slash pine if those changes occurred now. To determine the impacts of climate change on pulpwood production and forest biomass for bioenergy, in addition to their financial implications for forest landowners, we simulated the three climatic scenarios on the growth of slash pine forests in eight sites across four states in the SE US: Alabama (AL), Florida (FL), Georgia (GA), and South Carolina (SC). These sites were chosen as they were used to validate the performance of the 3-PG model for slash pine-the net primary productioncovering a wide range of age, productivity, and management [16] . The distribution of the sites in these states is represented in Figure 1 . The different levels of temperatures and precipitation for each of the sites and climatic scenarios are delineated in Table 1 .
We determined the impacts of climate change on the production of pulpwood and biomass for bioenergy (foliage, branches, and tops), by running the 3-PG model for each site with the same SI level. Once the estimates of the total volume of a slash pine and the amount of foliage were obtained, the merchantable volume of pulpwood was determined using the model detailed by Pienaar et al. [17] . The biomass of branches and tops was calculated by subtracting the merchantable stand volume from the total stand volume. Thus, we compared the production of pulpwood and biomass for bioenergy under current climatic conditions (baseline) and the production of pulpwood and biomass for bioenergy under future climatic conditions (scenarios RCP4.5 and RCP8.5). Although climate change impacts the forest productivity gradually over time, we simulated a single jump in terms of the implications of changes in climatic conditions concerning the production of pulpwood and biomass of bioenergy, i.e., what the effect of climate change would be on the economics of slash pine if those changes occurred now.
Depending on the location of the site, we used the real average FL, GA, and SC pine pulpwood prices between the years 2010 to 2017, sourced from Timber Mart South [20] , for our economic model. We employed the producer price from the logging industry to deflate the nominal prices using the base year 2017 [21] . To model the price of biomass for bioenergy, we used the value of $4.2 green Mg −1 [22] . The silvicultural costs associated with the site preparation, weed control, planting and seeding operations, and fertilization were obtained from Barlow and Levendis [23] , see Table 2 .
For each site with the same SI level, we determined the under climate change. We compared the with and without payments for forest biomass for bioenergy under current climatic conditions (baseline) with the with and without payments for forest biomass for bioenergy under future climatic conditions (scenarios RCP4.5 and RCP8.5). Depending on the location of the site, we used the real average FL, GA, and SC pine pulpwood prices between the years 2010 to 2017, sourced from Timber Mart South [20] , for our economic model. We employed the producer price from the logging industry to deflate the nominal prices using the base year 2017 [21] . To model the price of biomass for bioenergy, we used the value of $4.2 green Mg −1 [22] . The silvicultural costs associated with the site preparation, weed control, planting and seeding operations, and fertilization were obtained from Barlow and Levendis [23] , see Table 2 .
For each site with the same SI level, we determined the LEV under climate change. We compared the LEV with and without payments for forest biomass for bioenergy under current climatic conditions (baseline) with the LEV with and without payments for forest biomass for bioenergy under future climatic conditions (scenarios RCP4.5 and RCP8.5). 1 It represents the mean of the historic total annual precipitation between 1950 and 2005 (baseline), and the mean of the projected total annual precipitation between 2050-2100 (RCPs) for a particular site. 2 They represent, for a particular site, the mean of the historic maximum and minimum annual temperatures between 1950 and 2005 (baseline), i.e., the average of the 12 mean monthly maximum and minimum temperatures for 56 years, and the mean of the projected maximum and minimum annual temperatures between 2050 and 2100 (RCPs), i.e., the average of the 12 mean monthly maximum and minimum temperatures for 51 years. Figure 2 shows the production of pulpwood under historical and future climatic scenarios and different forest productivity conditions for all slash pine sites (as previously discussed in the Model Application, see Section 2.2, the time frame for the future climatic scenario is similar to that of the baseline scenario, i.e., we assumed a slash pine stand that is grown for pulpwood and biomass for bioenergy production under current climate/future climate simultaneously to determine the differences in profitability due to changing climatic conditions). In general, the production of pulpwood increased in moderate (scenario RCP4.5) and extreme climatic conditions (scenario RCP8.5). The exception was the Polk site located in the southern natural distribution limits of slash pine. On average, for SI = 20 m and scenario RCP4.5, the greater increases in pulpwood production between ages 1 and 20 years occurred in sites at Covington (16.7 m 3 ha −1 ), Colleton (15.9 m 3 ha −1 ), and Bradley (16.2 m 3 ha −1 ) compared to the pulpwood production under current climatic conditions. For scenario RCP8.5, the greater increase in pulpwood production occurred in Covington (23. Santa Rosa (scenario RCP4.5) and Bradley (scenario RCP8.5), the pulpwood production increased in a lesser proportion with changing climatic conditions, ranging between 3.6 and 11.3 m 3 ha −1 for scenario RCP4.5, and 3.5 and 14.5 m 3 ha −1 for scenario RCP8.5, for the other sites. The production of biomass for bioenergy showed a similar trend for all climatic scenarios, see Figure 3 . In the case of SI = 20 m and for all sites and climatic scenarios, the biomass production initially increased until around the age of 10 years. After age 10 years, the biomass production decreased for some time due to an increase in the production of pulpwood. Finally, after age 17 years, the production of biomass started to increase as the stand aged. Overall, future climatic conditions increased the production of biomass for bioenergy, see Figure 3 . However, this increase in biomass production remained somewhat similar between moderate and extreme climates for both indicators of site productivity. For SI = 20 m and scenarios RCP4.5 and RCP8.5, the increase in biomass ranged between 0.1 and 0.3 Mg ha −1 , and 0.4 and 0.8 Mg ha −1 , respectively. In the case of SI = 28 m, the variation in biomass production ranged between 0.08 and 0.8 Mg ha −1 , and 0.1 and 1 Mg ha −1 , respectively. Table 3 presents the land expectation values (LEVs) and the optimal harvest age (t*) considering the production of pulpwood and forest biomass for bioenergy for all sites under current and future climatic scenarios. The land expectation value considering only biomass for bioenergy (LEVb), i.e., Table 3 presents the land expectation values (LEVs) and the optimal harvest age (t*) considering the production of pulpwood and forest biomass for bioenergy for all sites under current and future climatic scenarios. The land expectation value considering only biomass for bioenergy (LEV b ), i.e., the present value of the biomass (branches, foliage, and tops), benefits realized by landowners over infinite rotations is also included in Table 3 .
Results

Pulpwood and Biomass for Bioenergy Production
Land Expectation Values LEVs
Under current climatic conditions (baseline) and with SI = 20 m, the negative LEVs in sites Bradley, Dooly, Colleton, and Covington indicated that growing trees for pulpwood and biomass production may not be a feasible option for landowners. Lower growth rates coupled with longer harvest ages could not offset the costs of growing slash pine, generating negative LEVs in these sites. With the exception of sites Alachua and Polk, moderate (scenario RCP4.5) and extreme (scenario RCP8.5) changes in climate increased the LEVs compared to the LEVs generated under current climatic conditions. Under the scenario RCP4.5 and with SI = 20 m, the largest increases in LEVs occurred in sites Covington ($341.3 ha −1 ), Bradley ($304.9 ha −1 ), and Colleton ($261.6 ha −1 ). In these sites, for an increase of the maximum and minimum temperatures of 1 • C, the LEV increased by $170.7 ha −1 , $138.6 ha −1 , and $113.8 ha −1 , respectively. Scenario RCP8.5 caused the largest increases in LEVs in sites Santa Rosa ($485.1 ha −1 ) and Covington ($474.8 ha −1 ), representing, respectively, average increases of $71.7 ha −1 and $139.8 ha −1 in LEVs with an increase in both temperatures of 1 • C.
Not surprisingly, high productivity conditions (SI = 28 m) generated higher LEVs for all climatic scenarios and sites, see Table 3 Although the inclusion of forest biomass for bioenergy increased the LEVs, the economic contributions of biomass (LEV b ) to the total economic rents for landowners were generally low, ranging between $62.1 and $140.7 ha −1 for all sites with a baseline scenario for SI = 20 m. Under scenarios RCP4.5 and RCP8.5, the contributions ranged between $60.2 and $164.4 ha −1 . Furthermore, in several sites (Alachua, Jefferson, Polk, and Dolly), scenario RCP4.5 led to a decrease in the benefits of biomass for bioenergy. With increased productivity conditions (SI = 28 m), the biomass for bioenergy contribution to the total economic rents ranged between $82.2 and $367.8 ha −1 for the baseline scenario and $86.6 and $441.2 ha −1 for the future climatic scenarios. Furthermore, in most of the sites with the exception of Santa Rosa and Bradley, the economic benefits of forest biomass for bioenergy increased with moderate and extreme climatic conditions.
The Optimal Harvest Age t*
Moderate climatic conditions did not have a clear impact on the optimal harvest ages for all our slash pine sites compared to those under current climatic conditions and SI = 20 m, see Table 3 . However, extreme climatic conditions, with the exception of the site Alachua, decreased the optimal harvest ages for slash pine for all sites. Regardless of the climatic scenarios, the optimal harvest ages tended to be longer in the northern distribution of the slash pine sites. With increased productivity conditions (SI = 28 m), the harvest ages were notably shortened for all climatic scenarios-ranging between 5 and 10 years for all climatic scenarios. Moderate climatic conditions decreased, between 1 and 2 years, the harvest ages for sites Alachua. Jefferson, Santa Rosa, and Covington compared to those obtained under current climatic conditions. For the other sites, the harvest ages remained invariant. With extreme climatic conditions, and with the exception of the site Brantley, the harvest ages were also reduced by 1-2 years in sites Alachua, Dooly, Colleton, and Covington, while for the other sites the harvest ages were not impacted by climate change.
Discussion
Our results indicate that the production of pulpwood and biomass for bioenergy modestly increased with changing climatic conditions. The increase in forest growth is reduced when slash pine is grown in high productivity conditions. For example, compared to the baseline scenario and for the initial 20 years of the rotation of slash pine stand, the differences in pulpwood production were, on average, 6.7 m 3 ha −1 (SI = 28 m) vs 12.2 m 3 ha −1 (SI = 20 m), under scenario RCP8.5. Although the increase in the production of biomass for bioenergy was small, it may be helpful in avoiding commercial timber diversion, for example, pulpwood, for energy production [10] . In general, climate change positively affected the production of both forest products in those sites located in the northern distribution of slash pine. On average, for all sites and both site productivities and climatic scenarios, the average supply of forest biomass for bioenergy was around 19.7 green Mg ha −1 year −1 (≈10 dry Mg ha −1 year −1 ). If the 4.2 million ha of slash pine plantations were managed to use the non-commercial biomass, they could provide 21 million dry Mg, around 22% of the goal of 97 million dry Mg of woody material needed to displace 30% of the current US petroleum consumption [24] .
Our results show that managing slash pine forests for pulpwood and forest biomass for bioenergy production under future climatic conditions can be a plausible economic alternative for forest landowners. Previous research has confirmed that woody bioenergy markets would improve the profitability for landowners in the South [7, 10] . This helps in making forestry a sustainable option and potentially reducing the expansion of agricultural lands and urbanization into forests [9] .
We did not include the impacts of different supplies of biomass feedstocks (waste and agriculture resources) and changes in land use in our economic analysis. Therefore, the price of forest biomass for bioenergy required to become a financially viable enterprise may be somewhat different. It is suggested that forest bioenergy becomes an economically viable alternative if the price of biomass for bioenergy reaches $10 per dry Mg −1 when considering the interaction of different market forces [24] . Furthermore, in order to be competitive with other sources of bioenergy, e.g., agriculture residues, in the near future, woody biomass prices need to be far higher than the actual biomass price of $4.2 Mg −1 used in this study. It is expected that forest bioenergy would be more competitive than agricultural residues by 2040 when woody biomass prices reach $80 dry Mg −1 [24] . Increased prices of woody biomass due to stronger bioenergy markets-e.g., increased demand for bioenergy, and establishments of bioenergy plants-would not increase the availability of forest biomass feedstocks and but also lead to higher prices of commercial timber improving the economic sustainability of US forestlands [7] .
Higher land values were found at sites in the southern distribution (e.g., Florida sites), compared to the land values at sites in the northern distribution of slash pine. However, and similar to previous findings [25] , the greatest LEV increases resulted in northern sites with more extreme climatic conditions, reflecting the differential effects of changes in temperatures. Other studies have confirmed these findings. Gonzalez-Benecke et al. [26] found that, in the case of loblolly pine, the sites located in the northern part of the natural distribution of this species showed the largest increases in forest growth with climate change. This suggests that the economic viability of growing southern pines is increasing northward under changing climatic conditions. We found optimal harvest ages are reduced when planting slash pine in moderate productivity sites and under extreme climatic conditions. When slash pines are planted in high productivity sites, the reduction of the harvests ages occurs mainly in northern sites. In general, rotation ages are shortened when forest growth is increased due to improved forest productivity conditions coupled with climate change [25] .
Our research can be further expanded by using different climatic models. e.g., the Coupled Model Intercomparison Project CMPI5 models [27] to more accurately determine the impacts of precipitation and temperature in the production of pulpwood and forest biomass for bioenergy. It is claimed that intensive biomass harvesting can accelerate wildlife habitat losses and increase water stress [28] . Therefore, our analysis can be extended considering the tradeoffs between forest biomass harvests and other ecosystem services. The incorporation of the role of natural disturbances due to changes in climate and heavily-stocked forest plantations are also subject of further research.
Conclusions
Our study assessed the effects of climate change and bioenergy markets on the profitability and optimal forest management at eight slash pines sites in the Southeastern US. Our results showed that climate change would increase the production of pulpwood and forest biomass for bioenergy in slash pine forests. On average, the production of pulpwood increased for all sites by 8 m 3 ha −1 and 12 m 3 ha −1 under scenarios RCP4.5 and RCP8.5, respectively, for SI = 20 m, and 4 m 3 ha −1 and 6 m 3 ha −1 in both climatic scenarios for SI = 28 m. The average increase for all sites, climatic conditions, and productivity sites accounted for 7.5 m 3 ha −1 . In the case of forest biomass for bioenergy, the average increase accounted for less than 1 Mg ha −1 for both climatic scenarios and productivity sites. Form an economic perspective, and considering a payment for forest biomass for bioenergy of $4.2 Mg −1 , the land expectation values LEVs tend to increase, with the exception of sites Santa Rosa and Bradley, with changing climatic conditions. On average, for all sites where climate change had a positive impact on profitability, under scenario RCP8.5, and high productivity conditions, the LEVs increased by $242.1 ha −1 . The contribution of forest biomass for bioenergy in the total economic revenues for landowners was small, accounting for $23 ha −1 . We also found that the combined effect of increased site productivity and climate change reduced the optimal harvest age of slash pine. Although our results confirmed that emerging forest bioenergy markets coupled with changing climatic conditions can increase the economic returns for landowners, we did not include the impacts of market forces in our analysis. As such, our research can be extended by incorporating the combined effects of policy incentives, development of new technologies, the use of different biomass feedstocks, and changes in land use.
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where V is total outside bark stem volume (ft 3 acre −1 ), V d,l (t) = merchantable volume of trees at age t (ft 3 acre −1 ) with a diameter at breast height dbh ≥ d inches to a merchantable diameter l inches outside bark; N = number of trees acre −1 ; H = is the dominant height (ft); BA = basal area (ft 2 acre −1 ); QMD = quadratic mean diameter (inches); variables H,N, BA, and QMD are also provided by the 3-PG model. Equations (A1) and (A2) are multiplied by 0.07 to obtain volume in m 3 ha −1 . The difference between V and V d,l represents the volume of branches and tops which were multiplied by 2.24 to obtain the biomass of these two components in Mg ha −1 .
